Introduction {#s0005}
============

The development of accurate and rapid nucleic acid detection for cancer and pathogen diagnoses, genotyping, and disease monitoring is clinically imperative. The current techniques, including polymerase chain reaction (PCR), have been used for nuclei acid detection [@bb0005]. However, they are costly, labor intensive, and time consuming. Furthermore, the techniques require extensive sample manipulation and expensive machineries. Rapid, reliable, and easy-to-use tests of circulating nucleic acids allowing for point-of-care (POC) without requiring special technical expertise and ancillary equipment are urgently needed.

Clustered regularly interspaced short palindromic repeats (CRISPR) are a family of DNA sequences found within the genomes of prokaryotic organisms [@bb0010]. CRISPR-associated (Cas) immune system has been applied in molecular biology to target and cleave specific nucleic acid sequences, which is commonly used in gene editing. Furthermore, upon binding to target double-stranded DNA (dsDNA) or RNA, several Cas proteins can be activated and unleash the nonspecific endoribonuclease activity to degrade the single-stranded DNA (ssDNA) and RNA and thus provide a novel diagnostic approach for nuclei acid detection [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035]. For instance, based on Cas12a ssDNase activation, Chen et al. recently developed a method termed DNA endonuclease-targeted CRISPR trans reporter (DETECTR), which could detect human papillomavirus (HPV) in cell-based clinical specimens (anal swabs) [@bb0025]. However, DETECTR has some limitations in its application as a field-deployable POC tool: 1) requiring complicated process of sample and DNA preparations; 2) reliance on fluorescent detection equipment for readout; and 3) applied only to anal swabs, which are cellular specimens.

To overcome the limitations, in this study, we developed CRISPR-Cas12a as a potential POC testing for HPV by directly targeting plasma without DNA isolation and by using a visual readout with naked eyes on a paper strip.

Materials and Methods {#s0010}
=====================

Cell Culture {#s0015}
------------

All cancer cell lines \[SiHa (ATCC HTB-35), Ca Ski (ATCC CRL-1550), UPCI: SCC152 (ATCC CRL-3240), HeLa (ATCC® CCL-2), C-4 I (ATCC® CRL-1594)\] were obtained from the ATCC (Manassas, VA). The cell lines were cultured in complete growth medium according to ATCC\'s instruction and were grown at 37°C under 5% CO~2~.

Clinical Specimens {#s0020}
------------------

From July 2006 to July 2012, we have recruited cancer-free female patients without any cancer under our protocol approved by the Institutional Review Boards of University of Maryland Baltimore. EDTA-anticoagulant blood samples were collected at the time of the interview by venipuncture from the consented subjects as previously described [@bb0040]. The samples were centrifuged at 750×*g* for 10 minutes, and the plasma fractions were stored at −80°C [@bb0040]. We randomly obtained plasma from 14 female subjects without diagnosis of any cancer as a control group. Fifteen plasma samples of cervical cancer patients were obtained from Tissue Solutions (Glasgow, UK) and used as a case group. The 15 cervical cancer patients underwent complete physical and gynecologic examinations, and their disease was staged according to the guidelines of the International Federation of Gynecology and Obstetrics. The demographic and clinical variables of the cases and controls are shown in [Table 1](#t0005){ref-type="table"}.Table 1Characteristics of Cervical Cancer Patients and Cancer-Free SubjectsTable 1Cervical Cancer Cases (*n* = 15)Controls (*n* = 14)Age38.28 (SD 9.35)43.34 (SD 9.98)SexFemaleFemaleRaceAll are CaucasianAll are Caucasian  StageStage 0 (carcinoma in situ)5Stage IA11Stage IB14Stage IB23Stage IIIA1Stage IIIB1Histological typeAll are squamous cell carcinoma

Crude DNA Preparation and Recombinase Polymerase Amplification (RPA) {#s0025}
--------------------------------------------------------------------

For cultured cell supernatants, 25 μl of each supernatant sample was mixed with 25 μl of phosphate buffered saline (PBS) (Corning) containing 0.2% Triton X-100 (Promega) followed by boiled mixture at 95°C for 5 minutes. Five microliters of the preparation was used as direct input into RPA. RPA reaction was run as instructed with TwistAmp Basic (TwistDx). The 50-μl reaction mixture contained 0.48 μM forward and reverse primers ([Table 2](#t0010){ref-type="table"}), 29.5 μl primer free rehydration buffer, 5 μl DNA from boiled liquid fluids, and 14 mM magnesium acetate (MgOAc). The PRA mixture was incubated at 37°C for 20 minutes. Five microliters of RPA reaction was used as direct input. The samples were then preceded with heating unextracted diagnostic samples to obliterate nucleases (HUDSON) [@bb0015]. For human plasma, we made a minor modification to HUDSON. Briefly, plasma was first diluted 1:3 to avoid solidification. Twenty-five microliters of plasma sample was mixed with 50 μl of PBS (Corning) containing 0.53% Triton X-100 (Promega) followed by boiled mixture at 95°C for 5 minutes.Table 2Sequences of RPA and PCR Primers, Guide RNA, and Report SubstratesTable 2Primers for RPA and PCRHPV16-L1_FTTGTTGGGGTAACCAACTATTTGTTACTGTTHPV16-L1_RCCTCCCCATGTCTGAGGTACTCCTTAAAGHPV18-L1_FGCATAATCAATTATTTGTTACTGTGGTAGATACCACTHPV18-L1_RGCTATACTGCTTAAATTTGGTAGCATCATATTGC**Guide RNASequence (5′-\>3′)**Cas12a crRNA-HPV16-L1UAAUUUCUACUAAGUGUAGAU**UGAAGUAGAUAUGGCAGCAC**Cas12a crRNA-HPV18-L1UAAUUUCUACUAAGUGUAGAU**ACAAUAUGUGCUUCUACACASubstratesSequence (5′-\>3′)**ssDNA-FQ reporter/56-FAM/TTATT/3IABKFQ/ssDNA-FB reporter/56-FAM/TTATT/3Bio/[^1]

Plasmid DNA Preparation and 10-Fold Serial Dilution {#s0030}
---------------------------------------------------

Plasmid of HPV type 16 (ATCC 45113) and HPV type 18 (ATCC 45152) in *Escherichia coli* DH5α were obtained from ATCC and grown in LB medium with 50 μg/ml ampicillin at 37°C for 16 hours in a shaking incubator. Plasmid DNA was isolated using QIAprep spin miniprep kit (QIAGEN) according to manufacturer\'s instruction. Briefly, the bacterial culture was harvested and lysed. The plasmid DNA was adsorbed on a QIAprep membrane, washed, and then eluted with nuclease free water. Concentration was measured by Qubit 4 (ThermoFisher) and prepared in 10 ng/μl followed by 10-fold serial dilution into water. One microliter of the sample was used as direct input into RPA or PCR reaction.

Polymerase Chain Reaction {#s0035}
-------------------------

Each PCR was prepared in a total volume of 50 μl containing 1× TaqMan Universal PCR Master Mix, no AmpErase UNG (ThermoFisher), 1 μl plasmid with serial diluted concentrations, and HPV specific primer pairs ([Table 2](#t0010){ref-type="table"}). Each reaction was performed using Bio-Rad CFX96 Real-time system (Bio-Rad). Thermal cycle conditions are as follow: an initial incubation at 95°C for 10 minutes followed by 50 cycles of alternating 95°C for 10 seconds, 50°C for 10 seconds and 72°C for 30 seconds. A further incubation at 72°C for 10 minutes was done to complete the extension step. Five microliters of amplified DNA was used for performing electrophoresis in 2% agarose gel (Promega).

Fluorescent Readout of CRISPR-Cas12a Activity Using FAM-Quencher (FQ) Reporters {#s0040}
-------------------------------------------------------------------------------

LbCas12a was preassembled with an HPV16- or HPV18-targeting CRISPR RNA (crRNA) at 37°C for 30 minutes and diluted in 1× binding buffer (20 mM Tris-HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM DTT, 5% glycerol, 50 μg/ml heparin) and custom ssDNA-FQ reporter (IDT) ([Table 2](#t0010){ref-type="table"}) [@bb0025]. Differently diluted RPA reactions were transferred to a 384-well microplate (Corning). Different concentrations of LbCas12a, crRNA, and custom ssDNA-FQ reporter were added directly to the reactions in total 20 μl volume. Reactions were proceeded at 37°C for 2.5 hours on a fluorescence plate reader (Biotek Synergy H1) with fluorescence kinetics measured every 10 minutes.

Lateral Flow Readout of CRISPR-Cas12a Activity Using FAM-Biotin (FB) Reporters {#s0045}
------------------------------------------------------------------------------

Lateral flow readout was based on cleavage of dual-labeled ssDNA [@bb0020]. Preparation was performed with the modification using FAM-biotin labeled ssDNA reporter (IDT) as a substrate but not quenched fluorescent ssDNA reporter. After incubation at 37°C for 3 hours, 80-μl HybriDetect assay buffer was added to the 20-μl reaction mixture. Milena HybriDetect1 lateral flow dipstick (TwistDx) was dipped into the reaction mixture and incubated for 5 minutes at room temperature. Paper strip was removed, and results were interpreted immediately by photograph using a smartphone camera. A sample with signal significantly increasing on the second line (test bend) and decreasing on the first line (control line) was considered to have a positive result. A sample without incubation of CRISPR-Cas12a was used as a control and should have intense line at the control line.

Statistical Analysis {#s0050}
--------------------

We performed statistical analysis using the Statistical Package for the Social Sciences Software version 11.5 (SPSS, Chicago, IL). Graphical presentation was plotted and analyzed by using Prism 4 software (Graphpad Inc., San Diego CA). *P* values less than .05 were considered as statistically significant in all the analyses. Differences in values were evaluated using Student *t* test. We used Bland-Altman plots to analyze the correlation of two different techniques for quantification of HPV DNA.

Results {#s0055}
=======

The CRISPR-Cas12a System Can Directly and Specifically Detect HPV DNA in Liquid Fluids {#s0060}
--------------------------------------------------------------------------------------

To evaluate whether CRISPR-Cas12a could directly detect HPV in liquid fluids without DNA isolation, we collected cell-cultured supernatants of three HPV16-positive cell lines (SiHa, Ca Ski, and SCC152) and two HPV18-positive cell lines (HeLa and C-4I). The cell supernatants were diluted 1:2 in PBS containing 0.2% Triton X-100 and boiled at 95°C for 5 minutes. Five microliters of boiled liquid fluids was directly applied in RPA. RPA is a regular temperature isothermal amplification method to exponentially amplify DNA amount without requiring an additional temperature step [@bb0020]. LbCas12a with its crRNAs and ssDNA FQ reporter was directly added in the RPA reactions without any purification step. The results were determined by using a fluorescence plate reader with fluorescence kinetics ([Figure 1](#f0005){ref-type="fig"}*A*). Several reaction parameters, including the concentrations of LbCas12a, crRNA, ssDNAFQ reporter, and RPA reactions, were investigated in the cell supernatants. When 1:10 diluted RPA reactions were used, the optimized concentrations of LbCas12a, crRNA, and ssDNA FAM-biotin reporter were 100 nM, 125 nM, and 50 nM, respectively. At the optimum reaction condition, LbCas12a with either HPV16 or 18 crRNA unambiguously and rapidly identified HPV16 or HPV18 in the cell-supernatants of HPV16- or 18-postive cells, respectively ([Figure 1](#f0005){ref-type="fig"}, *B*-*C*). Therefore, the CRISPR-Cas12a system could be directly applied to liquid fluids for sensitivity detecting and specifically classifying HPV DNA.Figure 1Specific distinguishing HPV16 and HPV18 DNA in liquid fluids with the CRISPR-Cas12a system.(A) Schematic of HPV detection by using fluorescence plate reader from liquid fluids without extraction of DNA. (B) Time courses of fluorescence detection with different concentrations (nM) of LbCas12a:crRNA complexes and fixed 50 nM ssDNAFQ reporter to target HPV16 in supernatant of SiHa cells (left) and target HPV18 in supernatant of HeLa cells (right). (C) Detection of HPV16 (red circle) or HPV18 (orange triangle) in supernatant of SiHa cells containing HPV16 genomic fragment (left) and supernatant of Hela cells containing HPV18 genomic fragment. + or −: incubating with or without LbCas12a-crRNA that targets either HPV16 or HPV18.Figure 1

The CRISPR-Cas12a System Can Rapidly and Directly Read the Results on Paper Strips {#s0065}
----------------------------------------------------------------------------------

To determine whether the results of CRISPR-Cas12a could be directly visualized with the naked eye, we used lateral flow dipsticks to read out the results ([Figure 2](#f0010){ref-type="fig"}*A*). The lateral-flow readout is based on the destruction of a FAM-biotin reporter, by which plentiful reporter gathers anti-FAM antibody-gold nanoparticle conjugates at the first line on the strip, hindering binding of the antibody-gold conjugates to protein A on the second line. In our experiments, when CRISPR-Cas12a cleaved ssDNA FAM-biotin reporter, the signal significantly increased on the second line as the test bend and indicated a positive result on the paper strip ([Figure 2](#f0010){ref-type="fig"}*A*). Using the optimized protocol established above, we incubated RPA reactions of the cell supernatants with 100 nM LbCas12a: 125 nM crRNA: 50 nM FAM-biotin reporter at room temperature. CRISPR-Cas12a intensely increased the test bend and therefore clearly identified HPV16 and 18 in the cell supernatants of HPV16-positive ([Figure 2](#f0010){ref-type="fig"}*B*) or 18-positive cells ([Figure 2](#f0010){ref-type="fig"}*C*), respectively. Furthermore, the total turnaround time for combing CRISPR-Cas12a with lateral-flow readout was about 3 hours, implying that the CRISPR-Cas12a system could be used as a rapid and portable test for directly reading HPV DNA.Figure 2Applying the CRISPR-Cas12a system with paper strips to rapidly and directly visualize the result with naked eyes.(A) Schematic of CRISPR-Cas12a system with lateral flow technology by paper strips to read out the negative or positive results. (B) Lateral flow detection of HPV16 in supernatants of SiHa cells (left) and SCC152 cells (right). (C) Lateral flow detection of HPV18 in supernatants of HeLa cells (left) and C4I cells (right). Quantification of band intensity from detection is shown below. Black bar: incubating without LbCas12a-crRNA as control. Red/orange bar: incubating with LbCas12a-crRNA that targeted HPV16 or HPV18, respectively.Figure 2

The CRISPR-Cas12a System Has a Similar Sensitivity for Detecting HPV DNA in Liquid Fluids Compared with PCR-Based Assay {#s0070}
-----------------------------------------------------------------------------------------------------------------------

To define analytic performance of the CRISPR-Cas12a system, the plasmids containing the complete genomic DNA of HPV genotype 16 and 18 were serially (10-fold) diluted into water. Each diluted sample was processed with the CRISPR-Cas12a-paper test and PCR analysis. CRISPR-Cas12a and PCR had the same limit of detection of 170.6 copies/μl of input or 0.28 fM and 151.8 copies/μL or 0.24 fM in quantification of HPV-16 and 18, respectively ([Figure 3](#f0015){ref-type="fig"}). Furthermore, the CRISPR-Cas12a-paper test and PCR analyses exhibited excellent linearity between the target input and measured values in a dynamic range of six orders of magnitude of input. The two techniques displayed an estimated slope coefficient that was in the range of 0.89-0.94 and *R*^2^ of 0.90-0.92 for HPV detection, suggesting an excellent correlation between the CRISPR-Cas12a techniques and PCR assays.Figure 3The limit of detection of PCR assay and CRISPR-Cas12a-paper test.Ten-fold serial dilutions of HPV16 plasmid (left) and HPV18 plasmid (right) in nuclease-free water were tested by PCR (A) and CRISPR-Cas12a system with lateral flow detection (B), respectively.Figure 3

The CRISPR-Cas12a System Can Be Used as a POC Diagnostic Test for Detecting HPV DNA in Clinical Plasma Specimens {#s0075}
----------------------------------------------------------------------------------------------------------------

We obtained plasma of 15 cervical cancer patients and 14 cancer-free subjects ([Table 1](#t0005){ref-type="table"}). The final diagnosis of the cancer cases and control subjects was made by clinical standard procedures, including HPV testing, Pap testing, and HPV/Pap contesting. Clinically, of the 15 cervical cancer patients, 5 are positive for HPV16, 1 for HPV18, and 9 for both HPV16 and 18.Figure 4The CRISPR-Cas12a system for detecting HPV DNA in clinical plasma specimens.Using CRISPR-Cas12a-paper to detect HPV DNA in plasma of 15 cervical cancer patients (A) and 14 cancer-free female individuals without any cancer (B). Black cells indicate positive HPV16 results, while gray cells indicate positive HPV18 results in plasma.Figure 4

Among the five HPV 16-positive cervical cancer patients, all had the evidence of HPV16 in plasma determined by the CRISPR-Cas12a system. The one HPV18-positive cancer patient also had the evidence of HPV-18 in plasma. Of cervical cancer cases that were both HPV16 and 18 positive, eight had positive HPV16, while 2 had positive HPV 18 results in the plasma samples ([Figure 4](#f0020){ref-type="fig"}*A*). Furthermore, both of the HPV DNA 16 and 18 statuses in plasma had no special relationship with histology and stage of cervical cancer and age of the patients (all *P* \> .05). Of the 14 control individuals, 5 had the evidence of HPV16 in plasma ([Figure 4](#f0020){ref-type="fig"}*B*) ([Supplementary Figure 1](#ec0005){ref-type="supplementary-material"}*A*). [Therefore, the CRISPR-Cas12a system could rapidly detect circulating nuclei acid targets in plasma without requiring technical expertise and ancillary machineries]{.ul}.

Discussion {#s0080}
==========

CRISPR-Cas biology has revolutionized the field of molecular diagnostics for infectious and noninfectious diseases, including cancer [@bb0035]. Based on RNA-guided Cas13a-mediated collateral cleavage of RNA reporter, Gootenberg et al. recently developed specific high-sensitivity enzymatic reporter UnLOCKing (SHERLOCK) [@bb0045]. SHERLOCK could detect multiple synthetic ssRNA targets (RNA1, ZIKV, and DENV) and one synthetic dsDNA target in the same reaction [@bb0015], [@bb0020], [@bb0045]. However, since Cas13a targets RNA, SHERLOCK requires reverse transcription (RT)-RPA coupled with T7 RNA polymerase to transcribe amplified DNA to RNA for subsequent detection [@bb0015], [@bb0020], [@bb0045]. The multiple procedures may lead to the associated analytical variations and cost. Furthermore, since RNA is less stable than DNA in human specimens, SHERLOCK might generate unreliable results, presenting challenges to be used in the clinics.

In contrast to SHERLOCK, the Cas12a-based DETECTR could detect HPV DNA without RT reaction and thus is more practically useful [@bb0025]. However, some obstacles exist in the use of DETECTR as a field-deployable POC tool, including requiring complex procedure of sample and DNA preparations and needing expensive fluorescent detection equipment for readout. Furthermore, many pathogens, such as viruses, are shed in body fluids (e.g., plasma, urine, or saliva), which provide noninvasively and easily obtained surrogate materials. A field-deployable, rapid diagnostic test that can directly detect the circulating nucleic acids in the body fluids would be clinically useful. However, the DETECTR system is only applicable to cell-based specimens rather than circulating body fluids.

[In this study, we demonstrate that CRISPR-Cas12a can directly target]{.ul} body fluids for sensitivity detecting and specifically classifying circulating HPV DNA without extraction step. Furthermore, we use lateral flow dipstick to rapidly visualize the results of CRISPR-Cas12a without requiring special technical expertise and ancillary equipment. In addition, the CRISPR-Cas12a system has a similar sensitivity for detecting HPV DNA in liquid fluids as does PCR. Moreover, combining CRISPR-Cas12a with a lateral-flow paper strip could be a rapid and portable test for directly reading HPV DNA. Therefore, our further development of CRISPR-Cas12a for detecting HPV DNA in plasma might overcome the obstacles of DETECTR and hence provide a potential field-deployable POC tool.

HPV16 and HPV18 are considered as the highest-risk viruses in the development of cervical cancer, and almost all cervical cancer patients bear HPV DNA in their affected tissues [@bb0050]. PCR-based assays have been used for the detection of HPV DNA in tissue samples. Furthermore, the presence of circulating HPV DNA in body fluids can act as a determining factor for identifying the patients at risk for the development and progression of cervical cancer [@bb0055], [@bb0060]. However, PCR is costly, labor intensive, and time consuming, leading to difficulties in the detection of HPV infection in plasma [@bb0065], [@bb0070]. [Intriguingly, the CRISPR-Cas12a system could rapidly and cost-effectively detect presence of HPV16 and HPV18 in the plasma of 13 of 14 and 3 of 10 the patients with histopathological diagnosis of cervical cancer, respectively.]{.ul}

[HPV16 was also detected in the plasma samples of 5 of 14 women with no sign of malignancy. There are two possible explanations for the observation.]{.ul} First, although these women had no symptoms of cervical cancer, some had signs of inflammation or bacterial infection in their Pap smear test. It would be possible that such conditions facilitate the spread of the existing virus into the blood circulation even in the absence of malignancies. Nevertheless, long-term follow-up of the subjects who have no cervical cancer with positive HPV in plasma is required. Second, CRISPR-Cas12a needs a crRNA as a guide RNA for the activities to genomic targets [@bb0075]. The specificity of the CRISPR-Cas12a system is mainly determined by how specific the crRNA sequence is for the genomic target. However, a crRNA targeting sequence might occasionally have additional sites throughout the genome where partial homology exists, causing off-target effect [@bb0080]. When used in the detection of a gene of interest, the off-target effect of the crRNA may cause a false-positive result. To reduce the possible off-target--related false-positive results, we are using new programs [@bb0085], [@bb0090], [@bb0095] that particularly take consideration of on-target cutting efficiency to design crRNAs for specifically detecting HPV16 and 18, respectively.

A major limitation of this study is that the size of the cohort (15 cases of cervical cancer and 14 healthy control individuals) is small. With the small sample size, the diagnostic performance of the CRISPR-Cas12a system in the clinical specimens could not be reliably evaluated. We are performing a large and prospective study to determine its diagnostic value for detection of circulating HPV DNA.

Conclusions {#s0085}
===========

The CRISPR-Cas12a system might be a promising POC test for noninvasively monitoring and tracking other nucleic acid--related infectious and noninfectious diseases in body fluids. However, the CRISPR-Cas12a system needs further optimization for improved detecting efficiency.

The following are the supplementary data related to this article.Supplementary Figure 1CRISPR-Cas12a-paper to detect HPV DNA in plasma specimens of 15 cervical cancer patients (A) and 14 cancer-free female individuals without any cancer (B). The red arrow indicates positive results of either HPV16 or 18.Supplementary Figure 1
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